Spurious coherent ref lections from optical elements that re-enter an exit port of a two-mirror ring-down cavity can significantly change the effective ref lectivity of the cavity mirrors, thus altering the cavity decay time. For a 25-cm-long Fabry -Perot cavity with a decay constant of 40 ms, we find that a specular ref lection of only 10 24 of the transmitted ring-down power that is mode matched back toward the cavity could change the decay time by as much as 60.4 ms, depending on the phase of the returning ref lection. The perturbation of the decay time is proportional to the electric field, so a decrease in the spurious ref lected power of 100 times will result in a perturbation that is only 10 times smaller. We demonstrate the effect with a cw system by purposely introducing a spurious ref lection In the standard technique of rf absorption spectroscopy, the interference fringes form a wavelength-, temperature-, and vibrationdependent baseline of the power detected at the modulation frequency. The use of multiple-layer antiref lection-coated optics and diligent attention to specular ref lections and beam scatter all help reduce the problem, but spurious ref lections are quite difficult to eliminate entirely. A number of methods have been proposed and utilized over the years to reduce the effect, usually by forcing the unwanted interference to cycle through fringes and subsequently averaging. 
Spurious ref lections from optical elements in the beam path have often been cited as the limitation to achieving lower detection limits with laserspectroscopic methods. 1 In the standard technique of rf absorption spectroscopy, the interference fringes form a wavelength-, temperature-, and vibrationdependent baseline of the power detected at the modulation frequency. The use of multiple-layer antiref lection-coated optics and diligent attention to specular ref lections and beam scatter all help reduce the problem, but spurious ref lections are quite difficult to eliminate entirely. A number of methods have been proposed and utilized over the years to reduce the effect, usually by forcing the unwanted interference to cycle through fringes and subsequently averaging. 2 The technique of cavity ring-down spectroscopy has been successfully used in many experiments to take advantage of the long absorption path length in high-f inesse optical resonators. Although the majority of published cavity decay measurements have utilized pulsed lasers, it has been long recognized that using cw lasers may yield superior results. 3 In particular, cw lasers were used in some of the most sensitive experiments to date, 4 -6 which involved frequency locking of lasers to the ring-down cavities. Although impressive, none of these experiments reached the fundamental limits set by the inherent shot noise of the light. However, to our knowledge, the deleterious effects of spurious ref lections have not been discussed and could account for some of the discrepancy between the reported results and the fundamental limits. Spurious ref lections could also affect cavity ring-down spectroscopy experiments employing pulsed lasers. Regardless of the light source, a cavity decay measurement may be corrupted if a spurious ref lection or scatter from a beam exiting a cavity re-enters the cavity and interferes coherently with the cavity wave.
The loss in an optical cavity may be separated into loss that is due to the finite transmission of the mirrors, mirror scatter and absorption, and intracavity absorption. Neglecting the relatively small mirror scatter and absorption, so that T Х 1 2 R, one may deduce the rate of loss, t 21 , from the round-trip loss divided by the round-trip time 7 :
where the intracavity loss a is in inverse centimeters, nL is the optical round-trip length in centimeters, and R i is the power ref lectivity of the ith mirror. Here we assume that the intracavity absorber f ills the space between the mirrors. From Eq. (1) we may obtain the sensitivity of the power decay time constant to the intracavity absorption constant,
and also the intracavity absorption in terms of the decay time constant with and without the absorber present, a n c
We use our 25-cm-long ͑L 50 cm͒ two-mirror cavity with R 1 R 2 and a t ഠ 40 ms decay constant as an example to illustrate the problem of spurious ref lections perturbing a decay measurement. Such a cavity has an absorption sensitivity, according to the inverse of Eq. ref lections will cause the cavity decay time constant to depend on air currents, vibration, and temperature external to the cavity, since these items will modulate the phase of the returning light.
We analyzed this problem for our cavity by using thin-f ilm design software to calculate the change in effective ref lectivity caused by an interface some distance away from the thin-f ilm stack. The index change at the interface was used to provide an adjustable ref lection, the magnitude of which could be calculated from the Fresnel equations. Not surprisingly, the resultant mirror ref lectivity plot versus wavelength clearly shows interference fringes with a period c͞2nl, where l is the distance to the interface. Maximum and minimum deviations from the nominal ref lectivity (which could be caused by variation of either l or l) were taken from these plots. The corresponding maximum deviations to be expected in the cavity decay time were then calculated with Eq. (1) A cyclical baseline that is due to the back surface of the high-f inesse mirror substrate is the most obvious example of this effect. Our two mirrors are fused silica, approximately 4 mm thick, each of which should independently contribute a 25-GHz ͑0.83-cm 21 ͒ period to the baseline of the cavity's decay constant. The contributions will tend to enhance or cancel each other out, depending on the phases of the returning back-surface ref lections relative to the cavity wave. The cyclical baseline is temperature dependent (ϳ2.7 GHz͞ ± C or 0.09 cm 21 ͞ ± C) because of the temperature dependence of the fused-silica refractive index and length. Figure 3 is an extreme example, in which the contributions to the cyclical baseline of two mirrors with uncoated substrates are partially in phase with each other. From Fig. 2 , we expect the maximum change in the cavity decay time constant that is due to each mirror to be 67.4 ms, or a potential deviation from the nominal cavity decay time by as much as 614.8 ms.
The measured change is ϳ65.5 ms, indicating that the effect of the two back-surface ref lections on the cavity finesse may be partially out of phase.
We demonstrate this effect of spurious ref lections affecting the cavity decay time by introducing a small external ref lection, while varying the distance from the ref lector to the cavity. A beam splitter ͑R 5.5%͒ was installed before the detector used to monitor the cavity transmission. The beam-splitter ref lection was retroref lected by a f lat mirror ͑R ϳ 99%͒ mounted on a piezoelectric transducer. A neutral-density filter ͑T 50%͒ was used in front of the mirror so that approximately 7.5 3 10 24 of the decaying cavity power was ref lected back to the cavity. However, the ref lected beam was not mode matched to the cavity, since the beam from the cavity was expanding from the cavity waist, whereas the ref lection back to the cavity was from a f lat mirror. Consequently, the actual fraction of power coupled back into the cavity mode should be somewhat less than 7.5 3 10 24 , which is consistent with the data in Fig. 4 .
The cavity decay times were measured by means of locking an extended-cavity diode laser to the highfinesse cavity by use of the Pound -Drever-Hall technique 8 and subsequent unlocking of the laser while the cavity transmission was monitored. At each unlocking event, the Pound -Drever-Hall modulation sidebands were turned off and the laser frequency was quickly tuned by a few megahertz so that the incident laser power did not affect the decay from the transmission port. This approach couples the light efficiently to the cavity and results in very reproducible data. It requires that the first several microseconds of data be neglected but avoids the need for an acousto-optic modulator.
Although we have not investigated ring cavities in this Letter, spurious ref lections are likely to be less of a problem than with two-mirror Fabry-Perot cavities. This is because the ref lection must come from the reverse-going cavity mode, which is usually weak since it is driven only by mirror scattering.
In summary, we have identified spurious optical ref lections as a potential source of noise in cavity ring-down spectroscopy measurements. The effect can be signif icant: Even a single ref lection from a V-layer antiref lection coating ͑R ϳ 0.25%͒ returned to the cavity used in this Letter can cause a systematic error in the measured absorption of parts in 10 28 , far above the random noise limit. Furthermore, air currents and temperature-induced motion will limit the usefulness of averaging multiple cavity decay measurements, since the induced systematic error is interferometricly dependent on the optical path length from the spurious ref lector to the cavity. Attention to possible scatter and ref lection sources should reduce the systematic deviations of the decay measurements. However, it is likely that the best results will be obtained with an active solution such as the use of piezoelectric transducer -mounted mirrors outside the cavity to modulate the distance to any spurious ref lections. The induced error is cyclical and will be randomized by varying the optical path length back to the cavity. 2 In such instances, the variance of each data set is increased, but subsequent averaging results in superior repeatablity.
